Introduction
Mental stress is closely connected with our daily life. Severe disorders, such as depression and suicide, occur following chronic exposure to excess stress. It is also known that mental stress can affect the endocrine and immune systems for a long time. The endocrine system involved with brain and immune system communication is the hypothalamic-pituitary-adrenal (HPA) axis, for maintaining homeostasis. 1 Therefore, it has been considered that stress-induced hyperactivity of the sympathetic nervous system (SNS), leading to an increase of catecholamines (CAs) levels and subsequent T helper 2 cells shift toward dominance of humoral immunity, may contribute to increased susceptibility to, or progression of, several infectious diseases and certain tumors. [2] [3] [4] [5] There is discrepancy among individuals in their degree of response to a given stress when confronted with the same problem. Their response to stress also depends on their particular state of mind. Selye has proposed that mental stress is not always detrimental, and that an appropriate amount of stress is necessary to promote our health. 6 Such helpful stress was named "eustress", and harmful stress that exceeds an individual tolerance causing the collapse of homeostasis was named "distress". Therefore, it is expected that personal management of stress is necessary for maintaining a high quality of life (QOL).
Mental stress is currently evaluated by subjective diagnosis with psychological tests. Profile of mood state (POMS), Cornell medical index (CMI), and symptom checklist-90-reviced (SCL-90-R) are mainly used as subjective diagnoses.
However, there is some suspicion that the results of subjective diagnoses vary widely, depending on the subject's way of thinking, knowledge and experiences of the tests. On the other hand, several types of objective methods for stress evaluation have already been developed. The physiological effects immediately following stress include increased perspiration, bloodstream and pulse rate. These physiological signals have been measured in attempts to estimate mental stress. However, physiological signals can hardly be utilized for a successful quantification of stress in daily life, because such indirect signals are the terminal phenomena of the SNS and can easily fluctuate due to various factors beside mental stress.
As a more direct signal for mental stress, several biomarkers in serum, urine, and saliva have been reported. [7] [8] [9] Although CAs and glucocorticoids in serum are most directly linked to mental stress, it is difficult and painful for blood sampling to be used for stress evaluation. sIgA in saliva is considered to be a marker for mental stress. It has been reported that the amount of sIgA clearly decreased in saliva collected from hard workers who were chronically exposed to mental stress. [10] [11] [12] Saliva is most suitable for a daily sample evaluation of mental stress compared to blood and urine, because it is feasible to collect it non-invasively and periodically in a short time. Salivary sIgA has been quantified using EIA, which uses an antibody with high molecular recognition and selectivity, and an enzymatic reaction to convert substrates into optically detectable products. Each enzyme conjugated to an anti-sIgA antibody can convert hundreds of substrates into products, thereby amplifying the detectable signal and ultimately enhancing the sensitivity of the assay. However, the conventional EIA using a titer plate requires tremendous labor and a long analysis time.
To overcome these drawbacks, several papers on the integration of heterogeneous immunoassay systems into A disk-shaped microfluidic device (lab-on-a-Disk) was developed to allow the evaluation of mental stress. As a standard sample, secretory immunoglobulin A (sIgA), which is a candidate marker of mental stress, was measured by a heterogeneous enzyme immunoassay (EIA) on the lab-on-a-Disk. Centrifugal force provided a microfluidic control on the lab-on-a-Disk. We examined the relationship between the rotational speed, the channel profile, and the position of the microfluidic chambers from the center of rotation to manipulate sample solutions into each reaction reservoir through microchannels sequentially, i.e., retain in a reservoir or flow into a subsequent reservoir. A single glass bead with immobilized sIgA on its surface was injected into a reservoir for a competitive antigen-antibody reaction, and applied to a specific surface in a heterogeneous assay. It is expected that the lab-on-a-Disk would be suitable for miniaturization and automation of the processes in EIA compared with a conventional EIA using a titer plate. microfluidic devices using pump flow [13] [14] [15] and capillary electrophoresis (CE) [16] [17] [18] have been published over the last decade. In these microscaled devices, the miniaturized reaction fields had enhanced the reaction efficiency, simplified the procedures, reduced the assay time, and lowered the consumption of samples, reagents, waste and energy. CE-based immunoassays utilize the separation of the free form and the complex of antigen and antibody. Hence, the accuracy of the assay generally depends upon the quality of separation, and is easily affected by the characteristic uniformity of the antibody. The heterogeneous character, i.e., size and charge, of an antibody forms a variety of antigen-antibody complexes and degrades the selectivity of electrophoretic separation. In the case of a miniaturized EIA device using pump flow, a large number of small beads were immobilized antigens or antibodies, and applied in a microchannel instead of the wells of a titer plate. 13 Because the accuracy of an assay depends on the amount of the immobilized antigen or antibody, the number of beads in the microchannel should be controlled exactly in order to attain analytical reproducibility, but this is difficult.
This paper presents heterogeneous EIA on a microscaled device using a single bead immobilized with an antigen. Using only a single bead in each microchamber, we aim to make uniform the total area of a specific surface for antigen-antibody reactions, and to reduce the backpressure to flow in the microchannel. As a result, it was expected that such a simplification of the reaction field would produce a uniform flow and reproducibility of the assay. In addition, the antigen or antibody on a bead could be easily exchanged according to the application. Moreover, such microscaled devices generally require relatively large peripheral equipment for their operation, such as pumps and/or a high-voltage supplier. Therefore, it was considered that such EIA devices could be unlikely integrated into a hand-held system. To miniaturize a total analysis system, recently, disk-shaped microfluidic devices (lab-on-a-Disk) have been demonstrated to integrate EIA without pumps or highvoltage suppliers. 19, 20 In the lab-on-a-Disk system, centrifugal force was used to flow microfluids, such as the sample and reagents solution, instead of pumps. Because centrifugal force can act on all of the microfluids on a disk, it is considered that a lab-on-a-Disk is suitable for parallel processing on a microfluidic device. In this study, the centrifugal and capillary forces were also examined for microfluidic control in the multistep process (e.g., antigen-antibody reaction, bound/free separation, detection) in EIA, in order to automatically carry out each step of EIA according to the rotational speed of the lab-ona-Disk.
Experimental
Reagents SU-8 50, SU-8 100, and SU-8 developers were purchased from MicroChem (Newton, MA). Silpot 184 from Dow Corning was used as a polydimethylsiloxane prepolymer. Cytop CTX-805A was obtained from Asahi Glass. Block Ace UK-B80 was purchased from Dainippon Sumitomo Pharma. Bovine serum albumin (BSA) was obtained from Sigma Aldrich.
A salivary secretory IgA indirect enzyme immunoassay kit was purchased from Salimetrics. Amplex Red was purchased from Funakoshi. Si<100> wafer and 3-aminopropyltriethoxysilane (γ-APTES) were purchased from ShinEtsu Chemical (Tokyo). Acid Red 92 was purchased from Kanto Chemical. All other chemicals were purchased from Wako Chemical.
Chip fabrication
A lab-on-a-Disk was designed and fabricated for examining microfluidic control by centrifugal force and EIA for sIgA, as shown in Fig. 1 . A thick negative photoresist (SU-8 50, MicroChem) was spun onto a silicon wafer (CZ-P, Shin-Etsu Chemical) using a spin coater (K-359SD-270, Kyowariken, Tokyo) at 3000 rpm for 30 s. Photolithography using a photomask patterned with microchannels was performed according to the usual procedures. When deep microchannels were fabricated, SU-8 100 (MicroChem) was subsequently used at 3000 rpm for 30 s and exposed through a photomask prior to development.
Using the template patterned with SU-8, microchannels for lab-on-a-Disk were molded out of 1 mm thick PDMS (Silpot 184, Dow Couning). As a cover plate, a PDMS disk was fabricated (0.5 mm thick) and bonded on a PDMS microchannel disk after an O2 plasma treatment: 10 s at 200 W in RF power with 150 ml/min in O2 flow rate. The injection reservoir, antigen-antibody reaction reservoir and detection reservoir were fabricated by perforation with 1.5, 1.5, and 3.5 mm in diameter, respectively.
Fluid control condition on a lab-on-a-Disk
The relationship between the rotational speed and the microchannel cross section was estimated using the lab-on-aDisks for examining the microfluidic control. To examine the channel configuration, a lab-on-a-Disk holding 108 976 ANALYTICAL SCIENCES AUGUST 2007, VOL. 23 Fig. 1 Schematics of lab-on-a-Disk for EIA. Eighteen lanes of short microchannels were mounted on the disk (a) and each microchannel connected three reservoirs (b). As a sample, a sIgA solution was mixed with HRP-labeled anti-IgA antibody and injected into the injection reservoir. When the centrifugal force provided microfluidic control on the lab-on-a-Disk, the sample solution was transported to a reaction reservoir with a diameter of 1.5 mm. A sIgA-immobilized bead was previously inlet into the reaction reservoir. After a competitive reaction, the antigen-antibody complex flowed to the detection reservoir and generated fluorescence by enzyme reaction. microchannels was fabricated. The channel width was varied from 20 μm to 1 mm, and the location of the connected reservoir was varied from 1.5 to 3.5 cm from the center of rotation. In addition, the channel depth was examined at 40 and 100 μm. All reservoirs on the disk were sealed with a thin film, and then the film was perforated with a needle at the locations of the reservoirs for air vent and sample injection. A 1-μl volume of 20 μg/ml Acid Red 92 aqueous solution containing 400 μg/ml BSA was injected into each injection reservoir. The lab-on-a-Disk was rotated at various speeds from 750 to 3000 rpm and the behavior of solution was observed using a stroboscope (HD-100A, Nissin Electronic, Tokyo, Japan).
Immobilization of antigen onto bead surface
Glass beads of 1 mm diameter were immersed into 0.1 g/ml NaOH for 1 h, washed with pure water, and dried. The beads were treated with 20% γ-APTES and 25% glutaraldehyde, and then washed with pure water. The aldehydic beads were immersed in 300 mg/ml sIgA in phosphate buffer pH 7.5, and then blocked with 3% BSA and 0.05% Triton X-100 in Tris/HCl buffer.
Measurement of sIgA using a lab-on-a-Disk
A sIgA-immobilized bead was settled into each antigenantibody reaction reservoir on a lab-on-a-Disk for EIA. The reservoirs were covered with thin transparent film, which then had a hole made over each reservoir with a fine needle as an air vent. A standard sIgA solution was reacted with a horseradish peroxidase (HRP) labeled anti-sIgA antibody solution for 90 min, and then evenly mixed with 3% BSA and 0.05% Triton X-100 in Tris/HCl buffer. Then, 1 μl of a sample solution containing the immunocomplex was injected into the injection reservoir. A 1-μl volume of a 100 μM Amplex Red and H2O2 mixture was injected into each detection reservoir. The lab-ona-Disk was rotated at 1250 rpm for 1 min to transport the sample solution to the reaction reservoir inletting the sIgAimmobilized bead. During 10 min for an antigen-antibody reaction, the lab-on-a-Disk was rotated intermittently for 30 s at 500 rpm. Thus, the bead was shaken in the reaction reservoir to mix with the solution. Subsequently, the solution was flowed into the detection reservoir by rotation at 3500 rpm for 10 s.
The fluorescence of resolfin converted from Amplex Red by the action of HRP was observed by a fluorescent imaging scanner (Molecular Imager FX, Bio-Rad Laboratories, Hercules, CA) after the last rotation of the disk, and was analyzed by NIH image software.
Results and Discussion

Fluid control condition on a lab-on-a-Disk
The surface tension on the inner walls of a microchannel affects the behavior of fluids on a lab-on-a-Disk. The surface of PDMS polymer is inherently hydrophobic, displaying 95 degrees of water contact angle. However, the O2 plasma treatment of the PDMS disk during binding of the cover plate converted the surface to very hydrophilic. As the hydrophilic inner walls of the channel caused a rapid transfer of the sample solution in each reservoir by the capillary effect, the recovery of a hydrophobic surface was examined. When the O2 plasma treated surface was heated at 150˚C, the water contact angle increased to about 90 degrees after 10 min, as shown in Fig. 2 .
In addition, EIA usually requires a blocking process to prevent antigen, antibody and the complex from non-specific adsorption onto the channel and reservoir surfaces. The reagents for blocking, in general, consist of protein that takes no part in the antigen-antibody reaction and competitively adsorbs beside the antigen. However, the surface pretreatment for blocking changed the wettability of the PDMS surface under about 20 degrees. When a commercial reagent was examined as a pretreatment of the surface for blocking, the sample solution did not remain in each reservoir due to the strong capillary 977 ANALYTICAL SCIENCES AUGUST 2007, VOL. 23 Fig. 2 Surface wettability of O2 plasma-treated PDMS, followed by heating. The PDMS surface was excessively hydrophobic to flow the solution. Therefore, the water contact angle was adjusted to about 90 deg. by heating after the hydrophilic conversion with an O2 plasma. effect. The fluoric coating, on the other hand, attempted as a surface pretreatment, resulted in the solution remaining in the reservoir and not moving to the microchannel even under the centrifugal force. As a result, the mixing of BSA in the sample solution was employed to competitively block non-specific adsorption.
The centrifugal force can be defined by the angular speed of rotation, fluid density, surface tension, and geometry and location of the channels and reservoirs. The sample solutions were injected into the lab-on-a-Disk for examining the microfluidic control and rotated with various speeds. Figure 3 shows the microfluidic behavior in each reservoir connected with microchannels of various channel cross sections. To process each step of EIA using a lab-on-a-Disk, the stop and flow of the solutions should be simultaneously controlled under the same rotational speed. The solution was more easily injected into the microchannel by centrifugal flow with an increased channel width and the distance between the reservoir and the center of rotation. When the reservoir positions were compared, the reservoir located at 1.0 cm from the center of rotation could maintain the solution up to a rotation of 2250 rpm, but the one located at 3.5 cm could not. The difference in centrifugal forces was about 3.5 times. Independently of the reservoir position from the center of rotation, furthermore, 2000 rpm was the critical point to divide the flowing into the microchannels 40 μm deep, as compared between 20 μm and 1 mm in channel width. The difference between the capillary forces of the two microchannels was calculated to be 2.78 times. In the case of a 100-μm channel depth, it was observed that the rotational speed for the entire retention and/or flowing out decreased by 500 -750 rpm compared with the case of 40 μm deep. Therefore, it was shown in the present research that microfluidic control based on centrifugal force could be set up by an effective combination of the channel width and depth, which should differ by over three times.
Measurement of sIgA using a lab-on-a-Disk
According to the result of Fig. 3 , the reservoir position and the channel profile on the lab-on-a-Disk for EIA were designed as shown in Fig. 1 . In the present research, short microchannels on the disk and a single glass bead 1 mm in diameter was used as the sIgA-immobilized surface instead of the well bottom in a 96-well titer plate. On the lab-on-a-Disk for EIA, the antigenimmobilized bead does not prevent flow into the connected microchannel due to the incomparably large size. Because the bead was also shaken by periodical rotation during the competitive antigen-antibody reaction, it was expected that the standard sIgA on the bead surface as well as a titer plate effectively contacted with the free antibody remaining in the solution. However, the specific surface areas of the bead and the well bottom were about 3.1 and 33 mm 2 , respectively. Therefore, it was considered that the amount of HRP-labeled antibody in an assay should be reduced in order to avoid saturation of the antibody in the antigen-antibody reaction. Figure 4 shows the saturation curve for the sIgA-immobilized bead with HRP-labeled antibody when sample solutions with different concentrations of the antibody without sIgA were measured using the lab-on-a-Disk. At a lower concentration (less than 10%) of HRP-labeled antibody, there was no difference in the signal intensities between the sIgAimmobilized bead and the control bead, because both beads bound almost the same amount of antibody. In Fig. 4 , the signal intensity generated by the sIgA-immobilized bead rose with an increase of the antibody concentration even to 100%, so it appeared that there was no saturation of the bead at the original concentration of the antibody. Hence it was confirmed that no dilution of the antibody for the sample solution was required, because the volume of sample solution loaded on to the lab-ona-Disk was less than one fiftieth that on to a 96-wells titer plate.
In humans, the concentration of sIgA in saliva is typically in the range of 50 -500 μg/ml. However, levels of sIgA are undetectable at birth and remarkably low during old age. Therefore, a lower concentration of sIgA in saliva has been conceptualized as a risk factor for upper respiratory infection in children and the elderly. 20, 21 Also, the value remarkably decreases under mental stress. The calibration curve of the standard sIgA from the lab-on-a-Disk for EIA is shown in Fig. 5 . The calibration curve showed good linearity (R = 0.988), and the limit of detection (LOD) was 2.5 μg/ml (6.4 nM) of sIgA. Although the signal appeared to saturate up to 66 μg/ml, it was considered that the immobilized sIgA on the bead surface was much less than the sIgA in the sample solution. However, the 978 ANALYTICAL SCIENCES AUGUST 2007, VOL. 23 LOD is sufficient to detect risky levels of sIgA without any pretreatment, and thus this assay is expected to be suitable for the daily management of mental stress and infection risk. For the disk-shaped microfluidic device, centrifugal force was necessary to flow the extremely low sample volume of 1 μl in each assay.
The assay time on the lab-on-a-Disk was approximately 30 min, which is much less than that required with a titer plate.
Conclusion
We have successfully demonstrated that a disk-shaped microfluidic device could perform EIA for sIgA. Centrifugal force could effectively manipulate the miniaturized solution sequentially from each reservoir into the connected microchannel. A preliminary analysis of sIgA indicated that each process was automated by using the rotational motion, and the analysis time on the lab-on-a-Disk was only 30 min. Moreover, the lab-on-a-Disk was sensitive enough to detect a low level of sIgA, equal to the concentration in saliva collected from a subject in a mentally stressed state. The application of this lab-on-a-Disk would also realize a handheld system for fast screening of pathogens and physical and mental disorders.
